One of the major problems in all countries is water quality problems. The research study on water quality in the East Java found that the rivers in Surabaya contain up to 64,000 cells of Escherichia coli per 100 ml of water. The pathogenic microorganisms like Escherichia coli have caused 3.4 million people to die each year of waterborne diseasesillness [1] .
The elimination of microorganisms in the wastewater through a chemical method such as the addition of chlorine is less effective and may cause harm to human health. As a result, in recent years some continuous efforts have been made to develop innovative technologies in order to remediate polluted water. Among them, photocatalysis provides a potential method because of its high efficiency, relatively low cost, non-toxic, chemically and biologically inert and also photostable [2] .
TiO 2 -based photocatalysts have much attention for environmental applications such as the degradation of organic pollutants, water purification, CO 2 reduction and antibacterial applications [3] [4] [5] [6] [7] [8] [9] . As surface coatings, TiO 2 is widely utilized as disinfecting and cleaning material. The materials have been utilized in minimizing and removing bacteria and harmful organic materials from water and air, as well as in sterilizing surfaces for places such as in medical centers [10] . On microorganism disinfections, TiO 2 -based photocatalysts were used for viruses [11] , bacteria [12] , fungi [13] , algae [14] , and protozoa [15] . However, Many variety factors give effects on TiO 2 activity, such as crystal structure, surface area, nanoparticles size distribution, porosity and a number and density of hydroxyl groups on the TiO 2 surface. The forms of TiO 2 are amorphous and crystalline forms. The crystalline form is photo-catalytically active, otherwise is inactive. The crystalline forms of TiO 2 naturally are anatase, rutile, and brookite. They are different in structure. Brookite has orthorhombic structure while anatase and rutile structures are tetragonal. Anatase and rutile are more common than brookite and are easier to obtain. Anatase and rutile have high photocatalytic activity. Otherwise, brookite has never been performed for photocatalytic activity. Anatase structure is more active as a photocatalyst than rutile structure, probably because anatase structure has the higher potential energy of photogenerated electrons and also a higher number of -OH groups on its surface [10] .
In order to enhance the photocatalytic activity of TiO 2 , many different modification methods have been studied, such as coupled of TiO 2 with semiconductor having lower band gap energy [16] , metal-ion implanted TiO 2 [17] , reduced TiOx photocatalysts [18] , non-metal doped TiO 2 [19] , and sensitizing of TiO 2 with dyes [20] This study utilized Fe 3 O 4 as a dopant that has a lower band gap energy and also serves to control the anatase crystal phases of TiO 2 . It is responsible for the photocatalyst activity. The material was also modified by the addition of bentonite to serve as the support material to help the bacteria adsorb on to the photocatalyst surfaces. It was assessed that the combination of TiO 2 -Fe 3 O 4 -bentonite could generate a better capability of photo degradation of dyes [7] . During photocatalysis, the reaction initiates with UV irradiation of the semiconductor. The reaction mechanism can be followed:
The semiconductor-metal oxide can excite an electron from the filled valence band to the empty conduction band because the band gap of it is smaller than a photonic energy of UV light. This excitation of electrons from valence band to conduction band results in the formation of an excited electron and positive hole pairs. The electron can reduce oxygen from the surrounding to form superoxide radicals (•O2−) and then, with the aid of hole, singlet oxygen (1O2) can be formed. The hole can also react with water to produce hydroxyl radicals (•OH), hydrogen peroxide (H2O2), or protonated superoxide radical (•HO2). Hydrogen peroxide can further react with •OH radicals to form •HO2 [21] The decomposition of bacteria can be caused by various actions of reactive oxygen species (ROS) such as •OH, 1O2, •O2−, •O2H, H2O2. The antimicrobial action of ROS in biological systems is achieved by lipid peroxidation of the cell membrane and subsequent inactivation of the microorganisms.
Although the photocatalytic activity of TiO 2 -Fe 3 O 4 -Bentonite has already achieved good results on the dye waste degradation [7] , its photocatalytic activity in microbial disinfection still requires improvement. This investigation aimed to analyze the photocatalytic disinfection of Escherichia coli and to evaluate the effect of photocatalyst concentration, UV illumination intensity and initial concentration of bacteria concerning disinfection activity.
II. MATERIALS AND METHODS

A. Materials
Materials used for the synthesis of TiO2-Fe3O4-Bentonite photocatalyst materials were TiCl4, FeCl2.4H2O, FeCl3.6H2O, TMACl, NH4OH, NaOH and ethanol and they were purchased from Sigma-Aldrich. Natural bentonite was obtained from Pacitan, East Java, Indonesia. N2 gas was supplied by Samator, Indonesia.
B. The synthesis of photocatalyst materials
The synthesis of TiO2-Fe3O4-bentonite was conducted via the sol-gel method [7] . The ratio molar of Ti: Fe was 1 : 3. The TiO2 was synthesized by dissolving TiCl4 in ethanolwater solution (1:1). The NH4OH solution was added to the mixture until pH 7. The mixture was stirred continuously for 24 hours to form a sol-gel phase. The Fe3O4 was synthesized by mixing FeCl2.4H2O, FeCl3.6H2O and NH4OH solutions in the presence of agitation and N2 gas. The Fe3O4 solid then was mixed with TMACl 2% and NaOH solution until pH 12.1. The mixture was agitated for 24 hours. After that, 140 mesh bentonite was dispersed in water for 24 hours. Then, TiO2, Fe3O4 and bentonite slurry were mixed and stirred at 50 °C for 24 hours. After stirring, the mixture was washed with water to pH 7, dried and then calcined at a temperature of 500 ºC for 6 hours.
The characterization of photocatalyst material was using XRD and SEM analysis to observe the photocatalyst phase and the morphology of the photocatalyst material. X-ray diffraction (XRD) measurements were conducted on a PANalytical PW 3373/00 X'Pert X-ray diffractometer, Netherlands, and used a CuKα, 1.54 Å, radiation at 40 kV and 30 mA. The relative intensities were recorded over the scattering range (2Ө) of 0 -50o. The morphology and topography of photocatalyst material were observed using an SEM FEI INSPECT S-50, Netherlands. The powder was dispersed onto double-sided carbon tape and then placed in a sample holder.
C. The photodegradation of Escherichia coli
The photodegradation of Escherichia coli was carried out in a glass reactor. The observed parameters were initial bacterial concentration (103-107 CFU/mL), UV light intensity (8 -20 lux) and also photocatalyst concentration (4 -10 g/mL). The channels were used as a sterile airline and sample output line. The starter was introduced into the reactor containing sterile distilled water. Photocatalyst was added to a reactor at a specified concentration. The reactor was shown in figure 1. The agitation was applied to the mixture by magnetic stirrer without heating. The mixture was exposed to the UV light at λ = 325 nm at a particular intensity for 300 minutes. The sampling process was conducted every 60 minutes. The concentration of Escherichia coli in each sample were calculated through Total Plate Count (TPC) with duplication.
D. Kinetic models of bacterial inactivation
In TiO 2 catalyst applications for microbial inactivation, The most model of photo-disinfection kinetics follows the Chick-Watson (CW) model. The following is the kinetic equation of the Chick-Watson model which gives the relationship between the number of remaining bacteria (N) and the time (t) of disinfection treatment performed:
where k is the disinfection rate constant and N₀ is the initial bacterial count at t = 0. In this Chick-Watson model, the reduction in the bacterial number is proportional to the time of contact with the catalyst. This correlation cannot be directly applied, as many factors influence the rate of bacterial reduction (inactivation) in the system, such as reactor configuration, inactivation model and bacterial resistance to the disinfectant used, resulting in the appearance of non-linear reduction profiles A kinetic evaluation using the Hom model series needs to be applied to represent the photo-disinfection kinetics of E.coli. Mostly, the bacterial inactivation profile begins with (i) a less sharp early-stage bacterial lag or reduction (referred to as 'shoulder'), followed by (ii) a 'log-linear' inactivation section, and is terminated by (iii) a long process of slowing (also known as 'tailing'). In the Hom model series, there are three different empirical models based on Hom's own model -namely, the Hom model, the modified Hom model, and the Hom-Power model. The difference in these three empirical models is the sum of the empirical parameters, which are directly related to the number of nonlinearities occurring in the disinfection profile. Hom proposed an empirical Hom model after obtaining a linear curve algae-bacteria plot system: (2) where log (N / No) = log of bacterial reduction unit; N is a bacterial population at a time, t; No is the initial bacterial population; k = experiment reaction rate; C = concentration of photocatalyst used; T is the time of exposure done and m, n = empirical parameters. The empirical model with these two parameters can only explain one of the characteristics of 'shoulder' or 'tailing.' Fig. 1 The reactor used in the photodegradation of Escherichia coli
III. RESULTS AND DISCUSSIONS
A. The Characterization of Photocatalyst
The catalyst used in this study was TiO 2 -Fe 3 O 4 -Bentonite on the molar ratio of Ti: Fe = 1 : 3. By XRD characterization, the crystalline anatase phase on the photocatalyst material was obtained. The XRD and SEM analysis of the photocatalysts material can be seen in Figure 2 Figure 2 exhibits the strong diffraction peaks at 2θ = 30.3° and 35.8º and it refers to the crystal planes of (220) and (311) in pure Fe 3 O 4 [22] . On this figure, the strong peak was seen at 2θ = 35.8° as the magnetite phase. Otherwise, Figure 2 also shows diffraction peaks at 25.2º and 47.8º exhibiting TiO 2 in the anatase phase, even the peak at 25.2 was overlapping with the bentonite peak diffraction. The intensity of magnetite is larger than anatase because Fe is more dominant than the Ti. In the XRD spectrum, it is also found the peak at 2θ = 25.8º which indicates the formation of anatase crystal plane of TiO 2 (101) [23] . The diffraction peak of TiO 2 anatase indicates that TiO 2 had been crystallized. Figure 2 also shows that the diffraction peak of photocatalyst material is broad, it indicates that the material is categorized as nanopowder. Thamapat has analyzed to compare micro powder and nanopowder of TiO 2 . It showed that the nanopowder of TiO 2 is broader than that of micro powder of TiO 2 [23] . In addition, the appearance of some peaks at 2θ = 19.6º, 21.5° and 26.7º are also found in the spectrum; they indicate the diffraction characteristics of bentonite. The SEM analysis was performed to determine the morphological structure of the photocatalyst material. Figure  3 shows some small particles (TiO2 and Fe3O4) attached on the surface of bentonite. Figure 3 also shows that the TiO2 and Fe3O4 have not spread homogeneously on the bentonite surface. The particles are still localized in some part of bentonite. Even though the TiO2 and Fe3O4 have not attached homogenously, but the photocatalyst material of TiO2-Fe3O4-bentonite has been formed.
B. The Escherichia coli Growth
The experiments related to the disinfection rate of bacteria is valid if it is conducted at the end of the log phase of the bacterial growth curve. The condition might observe that decreasing number of Escherichia coli occurred because of the presence of the photocatalyst TiO 2 -Fe 3 O 4 -Bentonite. Moreover, in the log phase, the disinfection rate is not disturbed by bacteria exponential growth. Escherichia coli growth curve can be seen in Figure 4 . According to Fig.4 , the bacteria incubation for experiments was set for 14 hours. 
C. The Effect of Initial Bacterial Concentration on the Photodegradation Process
On this observation, the initial concentration of bacteria of 103 up to 107 CFU/ml was designed to represent the number of bacteria commonly found in the water of the river. Figure  5 shows the effect of the initial concentration of E. coli in the water on the photo disinfection rate of E.coli using TiO2-Fe3O4-bentonite. In this study, the UV light intensity used was 20 lux, and photocatalyst concentration is as high as 10 g/L. The control experiment used in this research was the system which has specified number of E.coli and exposed to UV light in the absence of photocatalyst. Figure 5 shows that the number of bacteria on the control system was constant during the observed time and did not decrease significantly. Figure 5 also shows that the control curve declines in the first 3 hours, and then increases in the next 2 hours. The decrease phase might be occurred due to the osmotic shock of bacteria due to the changes in the environment. The increase of bacteria in the next 2 hours indicates that the bacterias have been able to adapt to the new environment in the presence of limited nutrients. Therefore, it is found on the control curve in Figure 5 that the concentration of bacteria still increases. Thus, it can be concluded that UV light with a wavelength of 325 nm does not cause the damage or the death of the bacterial cell. From Figure 5 it can also be seen that the inactivation rate increases in the initial concentration of 103-104 CFU/ml and then decreases in line with the increasing of the initial concentration of bacteria. At the beginning of the process, the bacterial inactivation rate is slightly decreasing, but after two hours process, the significant decrease occurs. It can be explained that in the long process the active radicals produced by photocatalyst was also increasing and it is responsible for decreasing the bacteria number via destruction of bacteria cells. The photoexcitation of the semiconductor (TiO2 -Fe3O4 produced highly reactive hydroxyl radicals that ensure complete degradation of E.coli [27] . The various actions of reactive oxygen species (ROS) such as •OH, 1O2, •O2−, •O2H, H2O2 might decompose the bacteria. Lipid peroxidation of the cell membrane is occurred because of the antimicrobial action of ROS in biological systems and subsequent inactivation of the microorganisms.
The experiments for initial concentration range 103 -107 CFU/mL can be estimated using Chick-Watson model as shown in Table 2 . Table 2 shows that the highest bacteria disinfection rate occurs at the experiment which has initial bacteria concentration of 104 CFU/mL. It indicates that the fastest rate of bacterial decline occurs at initial bacteria concentration of 104 CFU / mL. Increasing the initial bacteria concentration, it reduces the bacteria disinfection rate. On higher bacteria concentration, the photocatalyst cannot effectively damage the bacterial cells. This is due to the UV rays can not effectively to activate the photocatalyst because of the number of bacteria on the system. The UV rays cannot easily reach the photocatalyst and produce photon to degrade the bacteria cell. The phenomena were proven by analyzed the turbidity of the system on the various initial bacteria concentration. The high concentration of bacteria leads to increasing fluid turbidity and causes the lack of UV rays penetrates into media. It disrupted the photocatalyst activity. The turbidity profile can be seen in Table 2 . The turbidity profile was analyzed by using turbidity standard. Table 2 shows that increased bacterial concentration by ten times will make double to four-time of fluid turbidity. This fact influences on the accessibility of UV rays penetrate into the system and photoexcite the photocatalyst materials. High concentration of E. Coli will also inhibit the UV ray to reach the photocatalyst and decreases the inactivation rate of the bacteria. 
D. The Effect of UV Light Intensity on the Photodegradation
Photocatalyst requires light energy to activate sufficiently. In this research, the UV light intensity was observed to observe the effect of UV light intensity on the photocatalytic activity. The UV light intensity affected the performance of on TiO 2 catalyst on the reaction. The effect of intensity can be observed from the inactivation constants (disinfection constants), which is the value of the curve slope. The greater curve slope meant the greater the inactivation rate and the inactivation of E. coli in the water because of photocatalyst was more effective.
From Figure 6 , it can be seen that the number of bacteria reduction increase in line with increasing the intensity of UV light. This is due to the surface area of the photocatalyst receive more energy for higher intensity to promote the electrons excitation process. Fig. 6 The effect of UV light intensity on the rate of E. coli inactivation with the catalyst concentration of 10 gr/L and initial bacteria concentration 104CFU/ml
E. The Effect of Photocatalyst Concentration on the Photodegradation Process
The influence of the photocatalyst concentration on to bacteria reduction can be seen in Figure 7 . Figure 7 shows that the optimum E.coli inactivation occurs at photocatalyst concentrations 4 g/L. Meanwhile, at a concentration 7 g/L and 10 g/L, the numbers of E. coli reduction were not different significantly. It can be caused by obstruction due to the scattering of UV light by the photocatalyst material at the higher concentration so that the photocatalyst material were not activated by UV light.
The increasing concentrations of TiO2 photocatalysts loaded in a stirred reactor can increase turbidity, thereby reducing the penetration of UV rays [28] . In the case of TiO2 catalyst, it has been observed the occurrence of the photocatalyst aggregation in the reactor. Helali et al. explained this phenomenon by DLS (Dynamic Light Scattering) analysis and showed that the photocatalyst concentration in the reactor could lead to an increase in the size of the agglomerates when its concentration was higher. It has led to the photocatalyst reduction due to the light penetration reduction. Additionally, agglomerated catalyst leads to reduced catalyst surface area so that the active sites of the catalyst are also reduced. Fig. 7 The effect of photocatalyst concentration on the rate of E. coli inactivation with the UV light intensity 16 lux and initial bacteria concentration 104CFU/ml Rincon et al. also explained that at the higher TiO2 concentration, the reaction led to reducing photocatalyst efficiency due to the final photocatalytic process. The reaction is followed :
In reaction (1), a lot of radical OH* can dimerize to form H2O2; then it was formed HO2* in the reaction (2) which is less reactive than the OH *.
F. The Photodegradation Kinetic Models
Photodisinfection curve of E.coli by photocatalyst TiO2-Fe3O4-Bentonite generally consists of a log-linear phase. In this study, the kinetic models evaluated by Chick-Watson and Hom kinetics models. Both kinetic models were analyzed on their optimum conditions. Both models were applied on the assumption that the concentration of disinfectant was constant during the whole disinfection process. Figure 8 shows a comparison between both kinetics models Figure 8 shows that the Hom model gives the best suitability of the disinfection kinetic of E.coli. It is caused that Hom models considered the variables that affecting the disinfection process, such as time and the catalyst used. The parameter kinetics of bacterial disinfection can be seen in Table 4 . The higher constant value of bacterial disinfection (k) indicates that the rate of bacterial disinfection occurred faster. The m and n constants in Hom model respectively show the influence of time and concentration of photocatalyst in the reduction process of bacteria. When m values < 1, it indicates that a 'tailing' was occurring in the curve, which means that the disinfection rate began to decline over time due to the competition of the photocatalysis of bacteria that are still active with the organic compounds formed by the lysis of bacterial cells that have been damaged [29] . In addition, when the value of n < 1, it indicates that the concentration of the photocatalyst in the system does not significantly affect the disinfection process because the concentration of TiO2 did not change over time. The values of R2 demonstrates the suitability of data compared to models. The R2 for Hom model is 0.9182, and it is higher than that of the Chick-Watson model. This shows that the kinetics of disinfection of E.coli by the photocatalyst material of TiO2-Fe3O4-Bentonite is more appropriate with the Hom model.
IV. CONCLUSIONS
Escherichia coli photo-disinfection kinetics has been successfully achieved in this study. A total of 7 bacterial log reduction can be achieved in 300 minutes by exposing with UV light. The optimum conditions were obtained when the initial bacteria concentration of 104 CFU/mL, the photocatalyst concentration of 4 g/L and UV light intensity of 16 lux. All disinfection experiments showed a non-linear bacterial inactivation kinetic profile, which is started with shoulder lag followed by a log reduction and the tailing curve. Hom models more represent the disinfection kinetics model in this study.
